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The modern mutation theory of carcinogenesis addresses the same classic ''Luria-Delbruck vs. Cairns'' dilemma (1-4) that has been formulated for so-called ''adaptive'' mutagenesis in bacteria (5) and yeast (6) cells under stressful conditions. The central point of the dilemma is whether selection for preexisting mutations predominates over an immediate adaptive mutational response. Recent findings (7, 8) partly reconciled these polar views by showing that when bacteria are strongly stressed by starvation, allowing survival but not growth, some cells generate multiple mutations. Similarly, in the absence of growth, multiple tumorigenic mutations may originate (1) (2) (3) .
Cancer is commonly assumed to result from an accumulation of multiple genetic changes, perhaps including as many as five to seven successive point mutations (9, 10) . Consistent with the multihit precondition of malignant development is the age distribution of cancer incidence, with the exception of retinoblastoma caused by two mutational events (11, 12) . However, the spontaneous germinal mutation rate is too small to provide this tumor-prone accumulation in a human lifetime (10) . This led to the hypothesis (1) that genes that control cell division must be hypermutable in premalignant stem cells.
The best candidates to examine for multiple mutations are tumor suppressor genes, especially p53, in which mutations occur in nearly 50% of human cancers. There are numerous instances of so-called ''multiplets'' (usually doublets) in which more than one p53 mutation has been found to occur in the same tumor sample (13) . In the majority of cases single p53 mutations (singlets) have been observed. Multiplets that include silent p53 mutations are of particular interest because silent mutations represent selectively innocuous events, often being merely hitchhikers with the nonsilent partner, which confers proliferative advantage and which drives tumor growth (2, 14) . Silent p53 mutations appear in tumors about 20 times more frequently than might be expected (2) . Also, the Poisson model fits the observed data on tumors with one, two, three, and more p53 mutations fairly well (2) . All of the above observations indicate that hypermutagenesis operates on the p53 gene in tumor formation.
There is an intriguing analogy (1) between the situation that occurs when mutations in growth-limiting genes of nutritionally stressed bacteria result in a selective advantage and that which occurs when mutations in p53 lead to tumor formation. The p53 gene appears to integrate cellular responses to environmental insults (15) , with the wild-type p53 protein acting as a guardian against tumor formation either by arresting cells with DNA damage (mainly in the G 1 phase of the cell cycle) or by committing them to apoptosis (16, 17) . The mutant p53 gene often fails in these functions, thus opening the gate for the uncontrolled expansion of transformed p53 Ϫ clones. The question then arises as to whether hypermutagenesis in the p53 gene occurs mainly during the G 1 phase of the cell cycle, which is substantially prolonged in stem cells with wild-type p53, or simply that cells with preexisting p53 mutations are selected for tumor growth after passing the G 1 -S checkpoint. This question brings us back to the ''LuriaDelbruck vs. Cairns'' dilemma.
A 34-fold increase in the frequency of hypoxanthine phosphoribosyltransferase (HPRT) mutants was reported (18) for some mismatch repair-deficient human tumor cell lines maintained at high density under growth limitation, i.e., predominantly in pre-S phase (see also ref. 19 ). However, HPRT is a cancer-irrelevant housekeeping gene. That cancer cells could originate from nondividing stem cells by hypermutagenesis in the p53 tumor suppressor gene is an attractive hypothesis (1-4). To examine this hypothesis, a definitive analytical test is needed to distinguish between multiple mutations that arise in nondividing cells and those that arise in dividing cells. Our test is based on the supposition that, in nondividing cells, only those de novo mutations that occur in the transcribed (noncoding) DNA strand can be expressed rapidly in mRNA and protein.
Most suitable for the test are C 3 T and G 3 A transitions in CpG dinucleotides, which comprise about 30% of the p53 databases (13, 20 (23, 24) . Note that m C 3 T is a replication-independent change (25) . CpG is a palindrome; therefore, CpG 3 TpG transitions on the transcribed (noncoding) strand appear as complementary CpG 3 CpA transitions in mRNA and, after replication, on the nontranscribed (coding) strand of DNA (Fig. 1) . Thus, for m CpG sites one can identify the strand on which the primary m C deamination event occurred. By using these three advantages of CpG transitions in the p53 gene (replication independence of primary m C deamination events, reliable strand identification, and highest frequency in human tumors, both in singular and multiple configuration), we show that multiple p53 mutations do emerge mainly in quiescent stem cells.
THEORETICAL RATIONALE OF THE TEST
Mutations in dividing cells are replication dependent (Rd), whereas those in nondividing cells are time dependent (Td) (1) (2) (3) (4) . It was unclear how to estimate Td mutation rate (2) . We have developed several tests that distinguish between Td and Rd processes based on the assumption that mutations originating in nondividing cells will show the expression asymmetry of DNA strands.
Expression Asymmetry of DNA Strands. In prolonged G 1 phase, any new mutation in the nontranscribed (coding) strand is not expressed until the cell enters S phase (Fig. 1) . This means that such mutations will gain a chance of expression in daughter cells only after DNA replication. On the other hand, nonsilent mutations in the transcribed (noncoding) strand are expressed as soon as mRNA and protein are synthesized (Fig. 1) . Clearly, such strand asymmetry is expected only for mutations arising in quiescent cells and not for replication errors in proliferating cells.
As a mediator of G 1 -arrest, p53 is the ideal gene in which to examine the G 1 phase-timed strand asymmetry by analysis of tumors bearing multiple p53 mutations. Cells with a preexisting p53 mutation are ''immediately'' selected for tumor development (Fig. 1 A) , as the mutant p53 protein fails to mediate G 1 arrest.
Subsequent p53 mutations occurring in dividing cells are replication dependent and strand symmetric. Because preexisting p53 mutations had passed through replication, they enter the G 1 -S checkpoint already strand symmetric. For example, germ-line p53 mutations associated with Li-Fraumeni syndrome certainly belong in this group. Alternatively, if somatic mutations occur in quiescent cells, only nonsilent p53 mutations on the transcribed strand are selected for proliferation (Fig. 1B) . Accordingly, even if a nonsilent mutation happens first in the coding strand of p53 gene, it cannot be revealed until cell division, i.e., until a critical nonsilent mutation occurs on the transcribed strand of G 1 -S transition regulating genes, including p53 (Fig. 1B) . Instances in which a transcribed p53 mutation alone is insufficient to abolish the G 1 arrest will not appear in tumors. When analyzing the p53 nonsilent singlets, one deals with p53 mutations that were critical for the G 1 -S transition (26) . By using the term ''immediate'' selection, we imply that all other necessary tumorigenic events have already happened. Independently of the occurrence of these events before or during G 1 arrest, the Td hypothesis predicts the strand-asymmetric expression and selection of p53 hypermutations, whereas the Rd hypothesis does not make this prediction.
The p53 protein functions as a dimer of dimers, and many p53 missense mutations act in a transdominant negative fashion probably because even a single mutant p53 subunit may impose incorrect conformation on the entire tetramer (27, 28) . Consequently, unlike the compulsory double-hit inactivation (11, 29) of other cancer-related genes, loss of the wild-type p53 allele in mutant p53 Ϫ cells is an infrequent event in tumors (28) . However, it should be noted that this loss of heterozygosity simply decreases the threshold of p53 activity under which de novo recessive p53 mutations become critical for G 1 -S transition of nondividing cells. In any case, it does not matter for the test of the Td origin of p53 multiplets whether the second, tumor driving mutation occurs on the transcribed strand of the same or homologous p53 gene.
Strand Asymmetry of CpG Transitions. There are three types of CpGs in coding sequences (Fig. 2) . In codons CGN both C 3 T and G 3 A transitions generate only nonsilent mutations ( Fig.  2 A) , whereas in codons NCG nonsilent mutation caused by C 3 T transition is mirrored by silent G 3 A (Fig. 2B) , the reverse being the case for intercodon CpGs (Fig. 2C ). These genetic code-based differences allow for a number of quantitative tests to distinguish between Td and Rd origins of p53 multiple mutations and to make the following predictions:
Expression asymmetry of DNA strands in nondividing cells is illustrated by CpG transitions in p53 hotspot codons 248 and 273 during p53-mediated G1 arrest. (A) Shown is the mutant p53 Ϫ cell with preexisting CpG 3 TpG in codon 248. Because of DNA replication, the original C⅐G base pair was substituted for T⅐A before the checkpoint in G1. The cell transcribes the mutant p53 mRNA (C 3 U), which is in turn translated into an altered protein (Arg248 3 Trp). As a result, the cell escapes G1 arrest and is selected for proliferation. This preexisting single CpG transition is a tumor driver. (B) Shown is the wild-type p53 ϩ cell arrested in G1 phase. The first C 3 T transition originates de novo in codon 248 on the coding nontranscribed strand (NTS). To be expressed, it has to wait for another, necessarily nonsilent, mutation on the transcribed strand (TS), which would release the cell from the G1 arrest. This second mutation is shown as C 3 T in codon 273, on the transcribed strand. It appears as G 3 A in mRNA and is translated into His instead of Arg in the p53 protein.
As a result, the cell enters S phase, then undergoes cell division and proliferation. The corresponding clone appears in the tumor as a p53 doublet. The first mutation is a hitchhiker, and the second mutation is a tumor driver.
(i) p53 doublets composed of nonsilent CpG transitions in codons CGN. Three types of doublets are possible with regard to the strand on which the two primary m C 3 T transitions occur. Because G 3 A on the coding strand originates from C 3 T on the noncoding strand, we designate these three doublets as homostrand (C 3 T͞C 3 T and G 3 A͞G 3 A), and heterostrand (C 3 T͞G 3 A), respectively. According to our hypothesis, in the absence of strand-specific repair and selection, the representation of the three doublets for the Rd mutation process should be close to a 1(C 3 T͞C 3 T): 2(C 3 T͞G 3 A): 1 (G 3 A͞G 3 A) ratio whereas solely heterostrand doublets (C 3 T͞G 3 A) are expected for Td mutagenesis (Fig. 1B) .
Both repair and selection may bias the 1:2:1 ratio toward an excess of the homostrand (C 3 T͞C 3 T) doublet. Indeed, preferential repair of T‫ء‬G mismatches generated by C 3 Ts in the transcribed strand during transcription (30) will result in a deficiency of G 3 A equivalents in the coding strand. A similar tendency toward C 3 T excess and G 3 A deficiency is expected because of selection at the p53 protein level (14, 31) . By the genetic code, the protein perturbation caused by C 3 T at each CpG-containing codon exceeds that caused by G 3 A at the same CpG site (14, 31) . Accordingly, a mutant p53 protein altered by C 3 T transition is, on average, expected to be more tumorigenic than that changed by G 3 A. Thus, for CpG transitions, repair and selection would further accentuate strand asymmetry in nondividing stem cell mutagenesis. Therefore, excess of p53 heterostrand (C 3 T͞ G 3 A) doublets, if observed, should point to their Td origin.
(
ii) Comparison of germinal singular vs. somatic singular vs. somatic multiple CpG transitions.
In contrast to somatic cells, germ-line cells (at least from the paternal line) are not expected to show evidence for the Td origin of p53 mutations. In somatic cells the Td origin is easier to uncover in the p53 multiplet database because preexisting single p53 mutations ''gallop'' through the G 1 phase. As singlets, both nonsilent CpG transitions, C 3 T and G 3 A, can transform cells and drive tumor growth. As multiplets, the hypothesis of their Td origin in nondividing cells assigns that role only to G 3 A (Fig. 1B) . Therefore, the Td hypothesis predicts a progressive increase in the G 3 A͞C 3 T ratio in ''germ-line͞singlet vs. somatic͞singlet vs. somatic͞multiplet'' comparisons. To neutralize sequence contextdependent effects as much as possible, it is desirable to test the increase at codon resolution. p53 hotspot CpG sites provide this opportunity.
(iii) p53 doublets with silent hitchhikers. Silent p53 mutations are invisible to selection and may appear in tumors exclusively as neutral hitchhikers. The corresponding nonsilent cancer-driving mutation arises after a neutral hitchhiker, either in p53 or in any other cancer-related gene. For driving CpG transitions in p53, the Td hypothesis predicts excess of G 3 A over C 3 T, whereas their silent p53 partners might be strand-symmetric. However, this is not the case when CpG transitions themselves are silent.
(iv) Silent CpG transitions. There are two types of silent CpG transitions: G 3 A in codons NCG and C 3 T in intercodon NNCGNN (Fig. 2) . In all intercodon CpGs of the human p53 gene, C 3 T transitions are silent, whereas equally probable symmetric C 3 Ts on the opposite-transcribed strand appear as nonsilent G 3 As in mRNA (Fig. 2C) . The corresponding mutant p53 proteins fail to prevent cells from entering proliferation. In NCG codons C 3 Ts on the transcribed strand appear as G 3 As in mRNA and are invariably silent, but all equally probable mirror C 3 Ts on the coding strand are also silent as long as the cell remains nondividing (Fig. 2B) .
MATERIALS AND METHODS
Data on human tumor-associated p53 mutations were retrieved from the latest available version of the p53 database (13) 
; (v) 20 multiplets (as a part of combined groups (iii) and (iv)) with at least 1 silent hitchhiker and a nonsilent CpG transition as a tumor driver; and (vi) 18 silent CpG transitions, 8 of these being a hitchhiking part of p53 doublets, and 10 being singlets most likely driven by tumorigenic mutation(s) beyond the p53 gene.
As a baseline control for Td vs. Rd tests, we used 71 CpG transitions randomly fixed during evolution in four germ-line p53 retropseudogenes (S.N.R., G. Holmquist, and A.S.R., unpublished data), one from Mus musculus and three others from Rattus norvegicus (GenBank accession numbers K02110, U07019, U07020 and L12046, respectively). Because processed pseudogenes are transcriptionally and translationally silent, their evolutionary CpG 3 TpG͞CpG 3 CpA pattern was shaped by mutagenesis only.
To minimize the impact of transcription-coupled repair on strand asymmetry, we excluded from the tests all CpG-related incidences of UV-induced cyclobutane pyrimidine dimers observed in patients with the repair deficiency disorder xeroderma pigmentosum (XP-C complementation group). XP-C fibroblast cells demonstrate extremely selective repair of the transcribed strand, eventually resulting in strong bias toward C 3 T transitions (95%) on the nontranscribed coding strand (30) .
Standard statistical tests were employed to estimate the significance of the results. Nonparametric tests were applied to the data on homo-and heterostrand doublets (Table 1,C) to determine whether their frequency ratio differed significantly from the 1:2:1 ratio predicted for the Rd mechanism. The data in Table 2 were grouped into nominal categories and subjected to two-level table association analysis. Various 2 and nominal tests were used to determine whether the N C 3 T ͞N G 3 A ratio changes from germ-line͞singlet to somatic͞singlet to somatic͞multiplet categories, as the Td hypothesis predicts.
RESULTS
No strand asymmetry was found for CpG transitions in rodent p53 retropseudogenes (Table 1 ). This lack of asymmetry substantiates our basic postulate that primary m C deamination occurs with the same probability on either of the p53 DNA strands. We have also tested the alignment of CpG-rich Alu repeats within germ-line p53 introns of primate species (32 transitions was found in these translationally silent Alu sequences. Table 1 shows that the number of nonsilent heterostrand doublets (C 3 T, G 3 A) significantly exceeded the total of nonsilent homostrand doublets (C 3 T, C 3 T) and (G 3 A, G 3 A). In about the same proportion, the doublets in which a nonsilent G 3 A transition drives a silent hitchhiker outnumber the doublets with a nonsilent C 3 T driver. When CpG transitions are silent, G 3 A again occurs twice as frequently as C 3 T, despite the fact that potentially mutable intercodon CpGs (Fig. 2C ) outnumber intracodon CpGs (Fig. 2B ) 11 to 9 in the human p53 gene.
Heterostrand nonsilent doublets (C 3 T, G 3 A) are underrepresented in colorectal and skin cancers (Table 1) . Among the different genes (APC, ras, DCC, and p53) contributing to colorectal cancer, mutations in p53 occur and are selected for at a later time, probably after malignant transformation (15) . In contrast, skin cancer p53 mutations occur very early, most likely in as-yet-untransformed cells (33) . Consistent with our hypothesis, ''p53-late'' colorectal cancers show no evidence for an excess of p53 heterostrand doublets (C 3 T, G 3 A). In ''p53-early'' skin cancer, a distinctive feature is a preferential repair of the transcribed strand (30) . It is commonly thought that the G 1 arrest serves to repair DNA damage. This may be true for many genes except p53, because G 1 arrest is p53-mediated. Furthermore, the Td hypothesis predicts that p53 mutations originating de novo on the transcribed strand have very limited, if any, time to be repaired during G 1 phase, because mutant p53 proteins cannot prevent cells from proliferation. Therefore, we suggest that transcription-coupled repair may play a minimal role for nonsilent p53 multiple mutations of Td origin. P53 multiplets from skin cancers contain 10 CpG 3 TpG transitions for 2 CpG 3 CpA transitions. This imbalance shows that most skin cancer p53 multiplets are indeed of Rd origin. Not surprisingly, elimination of colorectal and skin cancer data resulted in a statistically significant excess of heterostrand (C 3 T, G 3 A) doublets (Table 1, § footnote).
All CpG transitions are shown in Table 2 at codon resolution. In accordance with the Td hypothesis, for the majority of CGN codons, the incidence of G 3 A compared with C 3 T gradually increases from germinal singlet through somatic singlet to somatic multiplet groups. The increase is particularly pronounced at codons 248 and 273, the hottest mutational spots recorded in all cancers. The Td origin predicts that C 3 T transitions appear in multiplets only as hitchhikers. Indeed, for codons 248 and 273, most of their C 3 Ts have been found in heterostrand (C 3 T, G 3 A) doublets (compare columns I and II in Table 2 ). Thus, a tumor-driving role of G 3 A transitions in these two codons is convincingly apparent in multiplets because of their Td origin in nondividing cells.
No less impressive is the same tendency illustrated by the two ''warm spot'' codons, 196 and 213. In singular status (both in germinal and somatic groups), the nonsense mutation CGA 3 TGA is much more frequent in tumors than the mirror missense mutation CGA 3 CAA (Arg 3 Gln). In multiple status, according to our Td hypothesis, it is not the nonsense (CGA 3 TGA) on the nontranscribed strand but the missense Arg 3 Gln caused by CpG 3 TpG transition on the transcribed strand that might release a nondividing cell from G 1 arrest. Indeed, an increase of G 3 A at codon 196 and particularly at codon 213 in p53 multiplets has been observed ( Table 2) .
Hotspot codon 175 definitely deviates from the above common pattern. However, we expected this because in germ-line and somatic singular status, codon 175 shows a great excess of Arg 3 His (CpG 3 CpA) substitution over the strand mirror Arg 3 Cys (CpG 3 TpG). This excess is observed even though by the genetic code Arg 3 His is functionally a more conservative substitution than Arg 3 Cys (14, 31) . This is because in some sites of the p53 central domain tumorigenic selection favors missense mutations that endow the p53 protein with a gain of oncogenic function that, in contrast to loss of tumor suppressor function, is not necessarily related to the degree of protein alteration (14) . Arg 3 His at codon 175 belongs to this class of gain-of-function mutations (34, 35) . The strand mirror Arg 3 Cys at codon 175 has a good chance of appearing in tumors, but predominantly as a hitchhiking part of multiplets (Table 2 , see also ref. 14) . This is what the Td hypothesis predicts for p53 hypermutagenesis in G 1 -arrested stem cells. Thus, codon 175 may serve as an exception confirming the rule. The same exception, although statistically less robust, may be codon 158 (Table 2) .
DISCUSSION
The described strand asymmetry fits the Td hypothesis of p53 hypermutagenesis in nondividing stem cells reasonably well. For 
*Although the sample size is too small for reliable statistical inference, the observed ratio (6 C 3 T:12 G 3 A) fits the expected ratio of 1:2 (Td hypothesis) much better than 1:1 (Rd hypothesis). † Three multiplets from ''p53 late'' colorectal cancers are excluded. Similarly, although the sample size is too small, the observed data do not fit the 1:1 ratio predicted by the Rd hypothesis. ‡ A nonparametric goodness of fit test was performed to ascertain the significance of the deviation from 1:2:1 ratio predicted by the Rd hypothesis. It was found significant at the 93.6% level (0.064 P value), an almost significant deviation from the 1:2:1 ratio. § Same, with 0.005 P value (indicating highly significant deviation from the 1:2:1 ratio).
No. of transitions C 3 T G 3 A   36  35  6  1 2   28  29  763  914  68  105  4  1 3 most p53 multiplets, this suggests a unicellular origin of driving and hitchhiking mutations. The unicellular origin in turn explains subsequent concerted proliferation of multiple p53 mutations, i.e., it easily resolves the problem that confuses Rd mutagenesis models. All Rd schemes depict tumor development as successive waves of mutant clone expansion directed by stepwise progressive selection (29, 36, 37) . This necessarily postulates that every new p53 mutation should confer a proliferative advantage over not only the original wild-type p53 but also over all p53 mutations that emerged earlier in the same clone (Fig. 3A) . Otherwise, these new p53 mutations would rarely be observed in most, if not all, cells of the same tumor (Fig. 3B) . p53-early skin and p53-late colorectal cancers may serve as particular examples of Rd clonal evolution. However, this is not the general case for p53 multiplets. By comparing CpG transition frequency in singlets and doublets at codon resolution of p53 without strand identification, we have proved recently (14) that not only silent but also most nonsilent p53 mutations in doublets represent tumors of unicellular origin. Moreover, in doublets in which both partners are nonsilent p53 mutations, only one of the two mutations needs to be a tumor driver, while the other must be a hitchhiker (14) . Unlike any Rd model (Fig. 3) , it is exactly what our Td model of G 1 phase-timed origin of p53 multiplets predicts (Fig. 1) . In addition, our test of Td mutagenesis in nondividing cells clarifies that most hitchhiking components of p53 multiplets originate first on the nontranscribed strand and are then drawn into proliferation by other mutation that originate secondarily on the transcribed strand, within or outside the p53 gene. In the latter case, CpG 3 TpG transitions of the p53 coding strand remain singular. To quantify these singlets, we need to develop an explicit probabilistic theory of Td evolution.
Cancer development can be divided phenomenologically into two major stages associated with drastic changes in stem cell kinetics. During the initiation stage, stem cells are ''resting'' in a prolonged G 1 phase. For the p53 gene, our test indicated that this phase is hypermutable. On accumulation in the Td regime of some critical number of cancer-prone mutations, stem cells begin to actively proliferate. This is the promotion stage, characterized by the Rd origin of new mutations and by a shortened G 1 phase, which implies a limited time for repair. In the absence of either apoptosis or differentiation, this would lead to irreversible malignant growth. 
is a ratio of putative CpG3TpG deamination-induced transitions on the nontranscribed strand to the ones that occurred on the transcribed strand. Five hotspot CpG sites are shown in boldface type. † Column (I) shows total NC3T at each CpG, while in column (II) the C3Ts that are hitchhiking parts of the heterostrand doublets (C3T G3A) are excluded. This allows testing the Td vs. Rd origin of tumor-driving p53 mutations by comparing the strand asymmetry in germ-line͞singlet, somatic͞singlet, and somatic͞multiplet groups. ‡ Based on the nominal cross tabulation, various statistical tests were performed to ascertain whether the observed differences of the NC3T͞NG3A value between the three groups were statistically significant. The confidence levels of more than 99% were obtained for codons 175, 213, 248, 273, and 282, thus indicating nonrandomness of the differences. Although the remaining codons also fit the Td hypothesis, they were not statistically tested because of small sample size.
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In terms of the role of the G 1 -S transition in stem cell life, we did not fail to notice the haziness of the definition of ''stem cell.'' According to a minimalist definition (38) , stem cells are distinguished by their potential to realize the inherent repertoire of differentiation. However, for many progenitor cells their ''stem'' pluripotency can be maintained either by mitotically extensive self-renewal or, alternatively, by a ''simple'' persistence in nondividing quiescent form (38) . The problem here is that stem cell capacity for self-renewal is measured only indirectly (39), by ''suicide'' methods in which S phase-specific agents selectively kill colony-forming stem cells. Truly quiescent stem cells remain inaccessible to such ''suicide'' techniques and there are no methods whatsoever to identify nondividing cells (4) . The G 1 phasetimed origin, strand-asymmetric expression and selection of tumorigenic mutations are essential attributes of quiescent stem cells that, in principle, make it possible to distinguish them from self-renewing ''twins.'' Our tests permit exploration of genetic details of the ''quiescence vs. self-renewal or proliferation'' choice. Although the network of known and presumed interactions between the genes involved in the control of G 1 -S transition is quite intricate (15) , by testing mutations on Td vs. Rd origin we could identify the genes that negatively and positively act, respectively, on the probability of cells entering the S phase. Indeed, the hypothesis of Td mutagenesis predicts an excess of CpG 3 CpA over mirror CpG 3 TpG, especially in multiple status, for tumor suppressor genes such as p53, Rb, and p16. p53 multiplet data support this hypothesis. On the contrary, mutations in S phase-promoting genes will consolidate cells in p53-mediated G 1 arrest. Therefore, in tumors one would expect to find these genes amplified and͞or overexpressed rather than inactivated by mutations. This was shown to be the case for a number of oncogenes including MDM2, a negative regulator of p53, and cyclin D, cyclin E, and in some cancers, cdk-4 (15). However, for each particular gene, the ratio of its mutant to amplified or overexpressed states in tumors depends on the balance of its positive and negative interactions with other genes in the network.
In conclusion, the strand asymmetry of CpG transitions, as the indicator of G 1 phase-dependent hypermutagenesis in stem cells, is not of purely academic interest. If the rate of tumorigenic mutations in stem cells can be reduced, the knowledge of when and how tumor suppressor genes gain and express multiple mutations will help in cancer prevention and treatment (4) . Another prospect is that, complementary to the approach published in ref. 14, our tests for Td mutagenesis define more accurately which of the mutations in p53 multiplets are tumor drivers and which are only hitchhikers. This knowledge allows us to measure the separate roles that mutagenesis and selection play in tumorigenesis and, accordingly, to build a prognostic p53 map of mutation cancer risks at codon resolution. (29, 36, 37) implies that the second p53 mutation confers some additional proliferative advantage over that of the first p53 mutation within the same clone; only in this case, because of intensifying selection, the daughter clone bearing the p53 doublet would eventually prevail over those clones bearing singlets and therefore would be detectable in tumor samples. However, this scheme is inconsistent with the fact that one of the mutations in p53 doublets is a hitchhiker (14) . (B) The paradox in clonal Rd evolution is that the final frequency of neutral hitchhikers would be rather small (reflecting only the rate of Rd mutations). As a consequence, there is a minimal chance to detect (by routine survey) the p53 doublet clone compared with its singlet precursor in the same tumor. There is no such problem for the Td unicellular origin of p53 doublets (Fig. 1B) .
